extinct moas and elephant birds. All ratites show morphological similarities including forelimb reduction (ranging from moderate in ostrich and rheas to a complete absence in moas), reduced pectoral muscle mass associated with the absence of the sternal keel, and feather modifications, as well as generally larger body size (Houde 1986; Bickley and Logan 2014; Nesbitt and Clarke 2016) .
Historically, ratites were thought to be a monophyletic sister clade to the volant tinamous (Cracraft 1974 ), but, despite remaining uncertainties in palaeognath relationships, recent molecular phylogenetic evidence strongly supports ratite paraphyly, implying as many as six independent losses of flight within this group based on these data and biogeographic scenarios (Harshman et al. 2008; Baker et al. 2014; Mitchell et al. 2014; Nesbitt and Clarke 2016; Grealy et al. 2017; Yonezawa et al. 2017) . Recent developmental work in ratites has focused on protein-coding regions underlying limb reduction (de Bakker et al. 2013; Bickley and Logan 2014; Farlie et al. 2017) , and a recent study of loss of flight in Galapagos cormorants (Burga et al. 2017) , while identifying putative genic drivers of flightlessness, did not focus on possible roles of the noncoding genome in loss of flight (although see (Berger and Bejerano 2017) ). The relative roles of protein-coding versus regulatory change (King and Wilson 1975) in loss of flight, in ratites or other birds, is unknown.
To study the genomic correlates of flight loss in ratites, we assembled and annotated 11 new palaeognath genomes (Methods Section 1, Supplemental Table 1, Supplemental Table 2 ), including 8 flightless ratites (greater rhea, lesser rhea, cassowary, emu, Okarito kiwi, great spotted kiwi, little spotted kiwi, and the extinct little bush moa (Baker et al. 2014; Cloutier et al. 2018b) ) and 3 tinamous (thicket tinamou, elegant crested tinamou, and Chilean tinamou), and analyzed them together with the published ostrich , white-throated tinamou , and North Island brown kiwi (Le Duc et al. 2015) genomes. We generated new transcriptome data from three tissues (brain, liver, gonad) from both emu and Chilean tinamou, annotated between 17,021 and 21,342 gene models (Methods Sections 2 and 3, Supplemental Figure 1 , Supplemental Table 3) in these genomes and identified 284,001 conserved non-exonic elements (CNEEs) based on a novel, phylogenetically informed (Paten et al. 2011 ) whole genome alignment including 35 birds and 7 non-avian reptiles (Methods Section 4), facilitating evolutionary and functional analysis of the molecular basis of convergence in ratites.
ratite paraphyly and to resolve the placement of rheas, which remains an outstanding question in palaeognath phylogenetics (Harshman et al. 2008; Phillips et al. 2010; Yonezawa et al. 2017) .
Consistent with recent molecular phylogenies (Harshman et al. 2008; Phillips et al. 2010; Baker et al. 2014; Mitchell et al. 2014; Yonezawa et al. 2017 ), we recover a basal divergence between the ostrich and the remaining palaeognaths, including the tinamous, which are therefore nested within a paraphyletic ratite clade ( Figure 1A ). However, contrary to recent concatenation analyses (Yonezawa et al. 2017 ), our coalescent (Liu et al. 2010) analysis consistently places the rheas as sister to the kiwi+emu+cassowary clade. informative CR1 retroelement insertions, including 18 absent in ostrich but shared among all nonostrich palaeognaths, including tinamous (Cloutier et al. 2018a) . In contrast, no retroelement insertions MP-EST species tree topology, with 100% bootstrap support throughout (not shown). Branch lengths in units of substitutions per site were estimated with ExaML using a fully partitioned alignment of 20,850 loci constrained to the MP-EST topology. B) Ratite paraphyly is consistent with either a single loss of flight in the palaeognath ancestor followed by regain in tinamous (green arrows) or a minimum of three independent losses of flight in the ratites (dark blue arrows), with six losses suggested by a proposed sister group relationship between elephant birds and kiwi (Mitchell et al. 2014 ) (light blue arrows). C) Distribution of the 25 most common gene tree topologies, showing that the species tree topology (in red and marked with a star symbol) is not the most common gene tree topology. support ratite monophyly, and the sequence data strongly rejects ratite monophyly using multiple methods (Cloutier et al. 2018a ).
Our analysis and taxon sampling implies a minimum of three losses of flight in ratites, while the inferred biogeographic history considering all extant and extinct ratites has been used to argue for up to six losses of flight in the history of this group ( Figure 1B) , with independent losses of flight in the ancestors of rhea, kiwi, and the emu+cassowary clade (Mitchell et al. 2014; Grealy et al. 2017; Yonezawa et al. 2017) . The alternative -a single loss of flight at the base of the palaeognaths followed by a regain of flight in tinamous -appears implausible given evidence for repeated losses of flight across birds and the lack of any evidence for regains of flight after loss.
The species tree is characterized by successive short internal branches leading to the common ancestor of kiwi and emu+cassowary, and the common ancestor of this clade with rheas ( Figure 1A , Supplemental Figure 4 ). Incomplete lineage sorting (ILS) across short internodes can produce topologies for individual genes that differ from the species tree, and in the extreme case can result in an anomaly zone where the most common gene tree discords with the species tree (Degnan and Rosenberg 2006) . Empirical anomaly zones are thought to be rare (Linkem et al. 2014 ), but we find evidence for such a zone in palaeognaths, wherein the gene tree that matches the species tree is less common than other gene trees ( Figure 1C ). Median bootstrap support for conflicting clades in individual gene trees is moderate, but there is strong relative likelihood support for alternative gene tree topologies in the data set (Supplemental Figure 5) , suggesting that these results do not arise solely from uninformative gene trees. Estimated coalescent branch lengths are also consistent with values expected to produce anomalous gene trees across the observed short internal branches (Degnan and Rosenberg 2006; Rosenberg 2013) (Supplemental Figure 4) . Together, these results suggest that palaeognaths fall within an empirical anomaly zone and that substantial ILS has contributed to past difficulties in resolving relationships within this group (Mitchell et al. 2014; Yonezawa et al. 2017; Cloutier et al. 2018a ).
Little evidence for convergent evolution of protein-coding genes
Prior work on the molecular basis of convergent phenotypes has focused on amino acid substitutions that occur independently on multiple lineages that share a convergent phenotype (Zhen et al. 2012; Natarajan et al. 2016; Xu et al. 2017) , a process that is also a common outcome of neutral processes (Castoe et al. 2009; Zou and Zhang 2015 ) and likely not a major determinant of patterns of evolution genome-wide (Thomas and Hahn 2015) . However, to test for an excess of convergent amino acid substitutions between ratite lineages, we analyzed 6,337 high quality single-copy orthologs present in at least 33 of 35 bird species in our alignment (including all available palaeognaths except the little bush moa and North Island brown kiwi (Le Duc et al. 2015) due to lower quality protein annotations in those species; Methods Section 6). The number of convergent substitutions in ratite-ratite branch pairs can be predicted solely from neutral branch lengths (Zou and Zhang 2015) and the number of divergent substitutions, with no evidence for a significant effect of a ratite-specific model term (Supplemental Table 5 ). These results are robust to a variety of analysis choices, including using gene trees instead of species trees (Mendes and Hahn 2016) , strict data filtering, and non-linear parameterizations (Supplemental Table 5 ).
An arguably more likely form of protein evolution underlying convergent phenotypes is consistent rate shifts due to lineage-specific positive selection or changes in constraint in phenotypically convergent lineages (Chikina et al. 2016; Partha et al. 2017) . To detect such shifts, we computed normalized amino acid branch lengths for 6,436 single-copy orthologs (Chikina et al. 2016) , and generated empirical P-values (for acceleration and deceleration separately) based on 1,994 randomly permuted datasets (Methods Section 6). After FDR correction, we find no cases of proteins exhibiting convergently increased or decreased rates of evolution in ratite lineages, suggesting little evidence for a common role of such protein shifts in the evolution of flightless phenotypes.
This result does not arise because we lack power to detect convergent rate shifts: consistent with earlier work , we find 150 convergently accelerated and 332 convergently decelerated genes (at a 5% FDR, using empirical P-values) in convergent lineages capable of vocal learning (hummingbirds, parrots, and songbirds, representing either 2 or 3 gains). However, we find no evidence for any GO enrichments among either the accelerated or decelerated gene sets, and we likely overestimate the number of convergent rate shifts due to the overrepresentation of fast-evolving passerines relative to other vocal learners in our vocal learning species set and our tendency to identify passerine-specific patterns as more general 'vocal learning' patterns. Nonetheless, we find that vocal learners, but not ratites, have an unusually high number of inferred convergent rate shifts compared to random trios of birds, even after excluding trios of species with more than one passerine ( Figure 2A ; permutation P-value (accelerated) = 0.02, permutation P-value (decelerated) = 0.028). We also identify highly correlated estimates of clade-specific rate shifts using an alternate method, the RELAX test in HyPhy (Wertheim et al. 2015) , which suggests these results are robust to analysis methods (Supplemental Figure 6 ).
Positive selection on a subset of codons within a gene may not be detectable using relative rate tests, but still could be of major functional importance to phenotypic evolution and convergence. We find 301 genes that are uniquely selected in ratites, but the number (31, or 10.3%) that are selected in at least two ratite species not greater than expected by chance (permutation P = 0.60; Figure 2B ), and neither the set exclusive to ratites nor this convergent subset are enriched for any GO terms (P > 0.05 for all categories after multiple test correction). Nonetheless, we do find two genes with evidence for positive selection in at least three ratites, but no other species: ZFHX4 and MGST2. While neither gene is extensively characterized in chickens, ZFHX4 is a transcription factor expressed in the forelimb AER during chicken development (Darnell et al. 2007 ), while MGST2 is expressed in flight feathers (Ng et al. 2015) .
Another potential molecular consequence of phenotypic convergence is repeated loss or pseudogenization of identifiable protein-coding genes across one or more ratite lineages (Hiller et al. 2012; Meredith et al. 2014) . To conservatively test for this scenario, we used blastp to screen all chicken proteins (Ensemble release 86) against predicted proteins in each palaeognath species as well as three outgroup non-avian reptiles (green anole, American alligator, and painted turtle) and 27 neognaths. We find no cases of a gene lost in all ratites, although this measure will generally fail to detect partially degenerated pseudogenes.
As a less conservative measure for divergence and possible modification of protein function, we applied a profile hidden Markov model based method to detect sequence changes that are underrepresented in homologs of a protein (Wheeler et al. 2016) , an approach similar to that used to identify putative function-altering mutations in protein-coding genes associated with loss of flight in the Galapagos cormorant (Burga et al. 2017) . Only a single gene, Neurofibromin 1 (NF1), shows evidence for convergent functional evolution in ratites by this measure (at a 5% FDR), while 40 genes show evidence for convergent functional evolution in vocal learning species (at a 5% FDR). In neither ratites nor vocal learners do we detect an excess of convergent function-alternating protein-coding substitutions compared to genome-wide distributions (Supplemental Figure 7) . Little is known about NF1 function in chickens, but in mice it has been shown to be involved in skeletal (Kolanczyk et al. 2007 ) and skeletal muscle development (Kossler et al. 2011 ).
Overall, although we detect a small number of possible candidate genes exhibiting patterns of protein evolution consistent with a role in convergent phenotypic evolution, the genome-wide impacts of these signals appear small, and always less than observed in vocal learners or random bird lineages.
Taken together, these results suggest that proteins are unlikely to be major drivers of convergent phenotypes across the multiple independent losses of flight in ratites.
Conserved non-exonic elements are convergently accelerated in ratites
Regulatory regions may be subject to less pleiotropic constraint than protein-coding genes (Carroll et al. 2008; Chan et al. 2010) , and thus convergent regulatory evolution may be more likely than that in protein-coding genes if common pathways are involved. To identify candidate regulatory regions in palaeognath genomes, we identified 284,001 CNEEs using PHAST (Siepel et al. 2005) , which are thought to have regulatory roles in birds (Seki et al. 2017 ) and other taxa (Pennacchio et al. 2006; Visel et al. 2008; Capra et al. 2013 ). We used a novel Bayesian method (Hu et al. 2018 ) to model changes in conservation of these elements across the phylogeny.
We identified 2,053 ratite-accelerated regions (RARs), defined as CNEEs with strong evidence for acceleration (loss of constraint) in one or more ratite lineage and constraint in all other birds ( Figure   3A ). Of these, 1,683 (81.2%) are also identified as ratite-accelerated (but not tinamou-accelerated) by phyloP (Pollard et al. 2010 ). These elements represent strong candidates for regions of the genome with altered function in ratite lineages, although we do not attempt to distinguish between mutational processes (e.g., GC-biased gene conversion), positive selection for function-alternating substitutions, or neutral accumulation of mutations subsequent to loss of constraint (but see (Hu et al. 2018) ). To detect convergent changes in constraint, we used the posterior probabilities of conservation and acceleration at each node to estimate the posterior expected number of independent accelerations for each CNEE.
Among the 2,053 RARs, up to 839 (40.8%) have experienced two or more independent acceleration events, dropping to 399-586 with additional filtering (Supplemental Figure 8) .
To determine if ratites experience more convergent acceleration in CNEEs than is typical for birds, we randomly sampled trios of non-sister neognaths and counted how many CNEEs were convergently accelerated in all three lineages using the posterior probabilities from the unrestricted Bayesian model. Among random trios of neognaths, we observe a mean of 2.7 convergently accelerated CNEEs (across 1,419 permutations). In contrast, we observe a mean of 47.3 convergently accelerated CNEEs among seven ratite trios (conservatively requiring acceleration in both moa and ostrich plus at least one additional clade). The mean number of convergently accelerated CNEEs we observe in ratites is thus unusually high compared to an empirical null distribution (permutation Pvalue = 0.0063, Figure 3B ).
We next tested whether RARs and/or convergent RARs are associated with particular functional annotations, genes, or chromosomal locations. Using a permutation test that accounts for the nonrandom distribution of CNEEs across the genome, we find evidence that convergent RARs are enriched for an association with transcription factor ontology terms (Table 1) . Moreover, we identify 17 genes associated with a larger than expected number of convergent RARs (at a 5% FDR, by permutation; Figure 3C ), and 21 genes (including 10 transcription factors and co-factors: DACH1, TBX5, VSX1, SOX2, NFIB, CASZ1, NPAS3, ARID5B, HOXD4, BAZ1A) associated with a larger than expected number of RARs (regardless of convergence; Supplemental Figure 9 ). Notably, TBX5, an essential transcription factor for both forelimb and heart development, has been previously associated with the delay in embryonic forelimb outgrowth displayed by emu; first through a proposed delay in the onset of TBX5 expression in the lateral plate mesoderm (Bickley and Logan 2014) and more recently as a potential regulator for NKX2.5 (Farlie et al. 2017) . The large number of convergent RARs we observe (Figure 3, continued) of convergent RARs across the genome. The y-axis shows the negative log10 p-value for a test of excess convergent RARs in 1 Mb sliding windows (100kb slide), computed using a binomial test, where the probability of success is the total RARs / total CNEEs, and the number of samples is the number of CNEEs in each window. Genes in each window that may be of particular interest are noted.
associated with TBX5 suggests that its regulatory landscape may be a common target of selection or relaxation of constraint during transitions to avian flightlessness.
Computational approaches for assigning CNEEs to the genes they regulate are necessarily imprecise, so we also looked for genomic regions (irrespective of gene annotations) that are enriched for RARs or convergent RARs. We find 11 regions of the genome with an excess of convergent RARs (at a 5% FDR; Figure 3D ), and an additional 13 windows with an excess of RARs (irrespective of convergent signal). These include regions centered on known regulators of limb development (e.g., DACH1) and on regions near genes associated with body size (IGFBP2, IGFBP5). This latter region corresponds to a gene desert previously shown to be enriched in avian-specific CNEEs (Lowe et al. 2015) . Overall, these analyses demonstrate that convergently accelerated CNEEs in ratites are enriched near transcription factors and other genes that may be associated with convergent phenotypes.
Functional characterization of ratite-accelerated CNEEs
RARs are candidates for regulatory regions associated with convergent phenotypes in ratites, including loss of flight. To functionally characterize the association between sequence conservation and regulatory activity in birds, we used ATAC-seq (Buenrostro et al. 2013 ) to identify genomic regions of open chromatin for 8 tissues during the course of chick development. ATAC-seq peaks have been demonstrated to be enriched for active regulatory regions and highly enriched for transcription start sites (TSS) across diverse tissues and species (Buenrostro et al. 2013; Gehrke et al. 2015) . As expected, the ATAC-seq landscape was strongly enriched for chicken transcription start sites for all eight tissues (min = 7.95x, max = 11.09x, mean = 9.70x, p < 0.001 for all samples, Supplemental Figure 10A ), and also for ChIP-seq peaks identified in a previous chicken developmental study (Seki et al. 2017 ) (Supplemental Figure 10B) . Consistent with recent work (Seki et al. 2017) , CNEEs are also enriched under ATAC-seq peaks (min = 1.35x, max = 2.15x, mean = 1.77x, p < 0.001 for all samples, Figure 4A ), further supporting the regulatory function of CNEEs in this and other datasets.
To test whether ratite-specific sequence acceleration results in functional differentiation of enhancer activity in vivo, we screened a set of candidates for enhancer activity in developing chicken forelimbs. We focused on putative forelimb enhancers identified by examining the intersection of CNEEs are enriched under ATAC-seq peaks across all eight chicken tissues. Enrichment fold change (mean and 95% CI), calculated against chicken genomic background using GAT (10,000 samples). B) Candidate forelimb ATAC-seq peaks for enhancer screen were identified by overlap to convergent RARs (that were additionally supported by phyloP tests) and
ChIP-seq peaks (Seki et al. 2017) . C) Genomic region associated with strong enhancer activity in early chicken forelimbs. crested tinamou also drives consistent GFP expression throughout the developing chicken forelimb (strong GFP 6/10, partial GFP 3/10, no GFP 1/10). e3) The homologous genomic region in the greater rhea fails to drive consistent GFP expression throughout the developing chicken forelimb (strong GFP 2/13, partial GFP 1/13, no GFP 10/13).
consistent forelimb ATAC-seq peaks, convergent RARs, and previously published embryonic chicken ChIP-seq peaks (Seki et al. 2017) , resulting in 63 candidate enhancers ( Figure 4B ). Using an electroporated beta-actin/GFP enhancer construct assay, we identified a promising chicken region from among these candidates, consisting of the ATAC-seq peak associated with convergent RAR mCE967994 which produced consistent strong enhancer activity in early chicken forelimbs ( Figure 4C -E). We tested for enhancer activity in the homologous genomic region in the volant elegant crested tinamou, in which mCE967994 is identified as conserved in our Bayesian analysis, and the flightless greater rhea, in which mCE967994 is accelerated. We find that the tinamou version of this enhancer consistently drives GFP expression (N = 9 of 10 embryos), but the rhea version does not ( Figure 4E ) (N = 10 of 13 embryos). Thus, accelerated sequence evolution of this element in rheas appears associated with functional divergence of regulatory activity.
Conclusions
Understanding the relative roles of regulatory and protein-coding change in phenotypic evolution (King and Wilson 1975) , as well as the role of convergent genomic mechanisms in the evolution of convergent phenotypes, are longstanding questions in evolutionary biology. Here, unbiased statistical and functional screens indicate convergent evolutionary changes associated with flightlessness in ratites are primarily regulatory in nature. While we do not rule out a role for proteincoding changes in morphological evolution in these species, we suggest that protein-coding evolution, in contrast to regulatory evolution, must be largely lineage-specific. Our results contrast with previous work examining the genomic correlates of flightlessness in birds, which has focused solely on proteincoding regions (Burga et al. 2017 ) and transcriptome phenotypes, in some cases implying regulatory evolution without directly testing it (de Bakker et al. 2013; Bickley and Logan 2014; Farlie et al. 2017) .
Future work should increase attention to the possible role of noncoding regulatory regions in the origin of flightlessness in birds.
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